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ABSTRACT

Uader ocertain aszsumptions, the vertisal motion in tho low and middle
troposphers iz direcsted upward in regions where the relative vortiocity
dsoreases downstream along the streamlines at 3500 md, and inverse. Compu-
tations covering sixteen observed oharts show that in general et least
some rainfall reaches the ground where upward motion should be present
fcllowing the above. Fourteen charcs giving astual 24¢~hour predicticns
show that this approach can be used to aid in the forecasting of precipi-
tation patterns.

Shortly after the end of World War I, J. Bjerknes and Solberg (1)
published their famous pepver on the formation >f rain. 8Since then, fere-
sasters in many parts of ths world have availed themselwes of the precipi-
tation modsls given in their daily practiosl routine. The faot that ths
models have survived for thirty yeare in fareooaat offices 1a outstanding
testimony of their wvalus.

Nevertheless, as pointed out from time to time (of. 2), departures
from the models on oocoasion mey be substantial. It is appropriats; there-
fore, to inquire into the ciroumstancee under whioh these departures
occur, and thus to faoilitats their prediction. We saz follow obe puseible
avenue by relating precipitation aress to the wind patterns of the high

lPtrtioipatod under ressarch contracts betwesn the Offlce of Nawval
Resoaroh and the University of Chioagc.

2Plrtioipttod while on detached esrvice as students at the University
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troposphere that have received much attention in recent yvnsrs, Sterrett (2)
has found good eorrelations betwsen the jet stream and preeipitation. More
recently, Norquest (4) noted that over the United States nearly all preoipi-
tetion sreas of large sise - ocovering several states or more ‘- are con
neeted with the jet stream and that even the majority of saaller patohy
areas -- up to the sise of a state -~: aro linked to the high-level flow.

Thus the proposod line of imquiry is not an illogieal ons. Moreover, methods
have now been developed (6, 6) that vermit saleulation of the prognostio
wind field alcft for “wenty four hours, and these may be eapadble of extension
in tiwe. If we oar find some fairly unique relation betwson preoipitation
and the upper flow, we would then be in a position to direotly eompute the
areas where prooipitation shouid not bo predietod from the high-lovel
prognostie «hart,

Following previcas articies on the relations between the vortisity field
of tho atmosphere and large scale vertical motion (7, 8, 9), we shall write
an expression that relates the vertieal motion of the lower troposphere to
the vorticity field of tho upper troposphere. We do not desire an elegant,
complete mathematioal expression but a tool that oan be used readily by fore-
castere who have the equipment of oconvertional forecest offioces at thoir
disposal.

Derivations In the areas »f general cysciouis preoipitation, mass con-
vergenco in the lower troposphere g ves way to divergence at some upper
level. This we know not from direct observation ¢’ vertiocal motions but
from the fact, known sinse ‘the sarly days of meteorology, that in the vast
majority of omses the surfacve prezsure either falls or ohanges slowiy in
preoipitation sones. Although the height h, at whish the revorsal takes
place, may vary widely (10), i1t generally iies below the levels used for
ths upper wind prognosis. We shall try to ascertain the sign of the verti:al
mo%ion at this elevation.

In its oomplete form, the equation of continuity reads

af + V-vf-r ?voV+a‘a£,(f“’) ‘0,

at (1)

where P is the density, V the horisontal velocity, w the vertioal velooit,,
s the vertieal ocoordinate, and W denotes the horii.ntal gradisnt. Inte-
grating from the height h of the surface of nondivergomee to the top of the
atmosphere or, for practieal purposes, to some level well inside the strato-
sphere, perhaps 100 md,

fw}.\ . j:@’é* Vevf) de +ffv-\/’d.:. "

We shall now nsgleot the first te.m on the right hand side aad assume that
the mass divergerce above bk . :sults from the wvelooity divergemse. 8uch
an assumption, of course, ean fi.Z its justifioation only in the final
vesulte We have reason, hovever, %o suspect that the assumption is not a
bad onee The local der'‘wative of density with time 1s lmown to be sreller
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by orders of magnitude than the othsr terms. More important, the integration
here performed ususlly imsludss parix of troposphere and stratecsphere. It is
well knowm thut the sign of losal density variation and c¢f density sdveotion
reversss with warm adveotion in the atratosphere, and the inverse alsc holdss
Thus the net density adwveotion batween & tropospherioc surface of non-divergence
and the higher stratoaphere msy be olosa to zero.

With the abowve assunptions
©
a [ pveVda
/ow.];, .!;\ e ° (3)

Given a perfect upper wind progrosis, no further steps are required, Iu
general, however, this 1s imprasticel.s The definition of divergence is

v.V * §¥.+Vﬁ 5

where s is the horiszontal ovordinate along the streamlines, n the normal axis
pointing to the left of the streamlines, and ©L the angle betweer the s axis
and some fixed cocrdinsts, usually taken along the latitude eircles. In most
oa3es, the two terms comprising the divergence are of opposite sign, i.e. the
grostrophic wind ie a first approximation to the field of motion. WeV is
a small residual between two large terms, and even ihe best wind prognosis

is not apt to give this residual with anything epproaching acouracy.

It is desirable, therefore, to eliminate the divergence from equation (3).

We can do this by introducing the vortielty equation, a technigne employsd in
the literature gucted esarlier. The dsfinition of the roalative vortieity 4', is

o - -4y,

where i? » K is the curvaturs of the streamline radius. By observation,
the two terms of this expression very often have the same zign. Thus upper
wind prognnses oan give a fair distribution of the vortiolty field, even though
it iz & derivativw guentity of the wind field. We shall proceed on this basis.

The vortioily eouation reads

é’g = - V-V, (4)

where Cr iz the vertioal component of the absolute vorticity and a/dt is the
substantial derivative. Inserting (4) in (3),

pol = S Efde. (5

Fer evaluation, we must break the substential derivative into its pariial
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components. By definition,

4§ - W v B -

In this expression, the term w g%" is likely *o be very small, since in the
integral over the whole upper portion of the satmocsphere a contribution can come
about only by fluxes through the bottoxr. 8imilariy §5’ usually is small com:

pared toV%. Thie statement expresses the observation that in general the

upper air patterns move much more slowly than the wird itself. For the most
part then it is reasonable to retain the advective term alone, Occazionally,

oan be large, namely when the oenter of «n intense jet stream is displaced
from one side of a foreoast distriot ¢o the other. Then, the relative vortisity
of the jet stream level can change by as much as 2f to 3f in 24 hours, where f
is the Coriolis parameter. We Lave not investigated omses of this kind. It may
become necessary to do 8o in future work.

With the foregoing coasiderations,

Vi -[Eviiae. (6)

? )

The absolute vorticity Q - {4+ Qr and i{ts gradient )S‘K - X‘ = %'
Tnroughout the middle latitudes 3“/3( ~ 1075 gest (s° ht)'l. Hear tho
level of strongest wind }q"/{_; rss the magnituds of 10”4 see™l {52 1at)”! in the

vioinity of jet stream sxes. Although i1his value will be redused by the vertioal
integration, the gradieris of ~slative vorticity far overshadow those of the
Corinlis parameter. In region: where they do not, it is best not to spply *he
teohnique here outlined, because of the assumptions made in this peaper and tho
limitations of the wind prognosise 1n cur estimats, the gradient °§ relative
vortioity yhen measured at 3500 mb should amdunt to at least 5 x 10 ° sec *

(10° 1let) * to serve as basis ior rainfall computation.

Negleoting the Coriolis parameter, we hive finally
w, = -kiévﬁ (KV-%JL (7)

It is geen that in this expression nothing oar change the sign of wj
exoapt reversals of the vortioity gradient. As stated initially, we desire
to find the areas in whioh precipitation will ooour, not the previpitation
amounts. BEquation (7) would not be suitabls for the latter parpose anyhow
for various reasons. It is merely our hypothesis that some precipitation
generally reaches the ground in areas where w, is positive. We shall oca:e
baok to this later on. At any rate, since we do not wish to find the magnitude
of w,,, we can say that, provided the vertioal integral can be represented by
oonditions on a suitable surfeace within the upper layer, in particulsr 300 mb,

sign of w,, = - ®ign of ;% (KV- %X)-Lmvnb . (8)
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Herewith we have arrived at azn expressioz that is ascessible to siaple
oaloulations Given an upper air prognostic chart, we can make a vortioity
ennlysis and then delineate the preoipitation areas, Cloudiness and preoipi-
tation should prevail in regions where the vorticity decreases downstream along
the strewailines, Fair weather should prevail wiuere it inureases duwnastream
along the streamliines. Here it should be noted that equation (8) Involves only
the wertiolty gradient, not the sign of the vortioity iteelf. We oan obtain
the same gradient by a ochange from antioyolonio tc oycloamie vortioity; by a

change from weak to strong oyclonio vortioitys and by a ochange from stirong to
weak anticyolonio vortioitye.

The naxt section outlines & practiocal routine for preparation of the
vortisity analysis.

Vortioity ocomputation and analysiss Considernble porticns of observed
upper air oharts correspond to frequently repeating models (11) from whioh the
forecaster can deduoe the distrioution of olear and cloudy areas at a glame.
Other regiocns, howevor, deaviate from the 3imple models perfeoted to date. In
practioce, it is eesiest to cempute the vortioity distribution for the whole
map without regard ‘v wijsla., ‘*valuation of the field o, geostrophio vorticity
is not suffioient for this purpose in the high troposphere. The foresaster
requires a streamlins—-isctaoh prognosis (5) as basis for his caloulations.

ivon suok_a prognosis, the vortioity analysis ocan be made with the following
six steps.

(1) On eaoh sireamline, mark off the segments that have straight flow,
oyolcnically ourved flow, and antioyoloniocalliy ourved flow,

(2) Bvaluate kV, best dono with the aid of a transperent overlay (Fig. 1).
This nonsists of consentric aros with radii ranging from 250 lm to 3000 Ikm,
drewn to fit the map soale and projeotion used.

(a) 8Set the overlay over the bese map and superimpose the arc
whioh gives the best fit to the streaml‘ne ourvature through
the point in question;

(b) reed the value of the radius for the appropriate latitude;

(0) road the velue of V direatly from the isotach analysis;

(d) enter the upper portion of gigu'r:! 2 with these Quantities
and read kV in units of 10 “seo

(a) write the value obtained mext to the point at whioh it
applies, marking all cyolonio vortioities with a'® gign
and all antioyclonic vortioities with a - sign.

(f) repeat the procedurs at frequent intervals along each
streanline.

l?igure 1 has teen oonstruoted by C. O. Jenista, figure 2 by H, Riehl
and C. O, Jenista. The method for preparing the vorticity ocmputation largely
foilows instructione prepared dby C. O, Jenista.
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It is oonvenient to oirole the values obtained.

(8) Now oomputo'!?gf st all points for which we have determined kV and
also at frequent intervals in areas of straight streamlines.

(a) Place the appropriate An interval of 2.5% latitude normal
to the streamlines and oentered on the point to whio
oomputation applies;

(b) from the isutssh analysis read the velocity difference over
the distance Arr;

(6) enter the lower left portion of figurs 2 with the shear valve
and read - following the horizontal lines to the right hand
b}
margin, again in units of 1075 se0 ‘. More simply, we also oan
divide the welocity differeace by 6: for instanse, if the

speed is .00 knots at one end of a 2,5° latitudo rvnl and
50 Imots .t thi other end, |AV] = 50 knots, and
10 x 105 gen

(d) enter the values of =- on the map at the oomputed points,

again appropriately maridng them + for oyoclonic and - for
antioyclonic shear.

(4) Determine the re.ative vortioity at all points. Where we have values
for kV or ~&% only, these give the relativo vortioity. At points where we
have oomputed values of shear and ourvature, we add these. The sign of the

larger term determines the sign of the relative vorticity in eases where the
twe terms give opposing oontributions.

(5) Draw 1solines c¢f equal relative vortiocity.

(6) Shade the areas where the vortioity decreasos along the streamlines.

Here we should expeot precipitation. Everywhere else ws should expeot no
precipitation.

After aome practice, a forecaster oan oarry out the oomplete analysis
for the United 3tates in 30 minutes.

Sample oomputation:s Figure S illustrates a typioal streamline-isotaoh
pattern., We shall mak> sample womputations at points A and B.

Bxample 1 at point A

(a) With the overlay (Fige 1) determine the radius of ourvature ~-
1200 km:

Nota the velocity at the point -~ 60 imots; enter the upper

portion of figure 2 following the line 60 knots and read the

value of kV = 2,4 units at the inverseotion with the inter-

polated horizontal line for r ~ 1200 k.

Dotermine the sign -~ negative for anticyolonio ourvature ---
and enter wvalue of ~2.4 at A.




XTI S
=% g
L A P
2, Lo 7

- T —— o -
e el et <2 04 . ot = o P Gt e s s

R R o e ettt e

—~ bt

Peyra--

|

T
.

—

-.7-

(b) Again using the overlay (Fig. 1) note ths isotach differemce
over 2,5° latitude, taken perpendioular to the streamlines —
25 knots.
Enter the lower portlon of f!zure 2 and along ioterpolated
horisontsl line following AV = 25 knots raad | = 5 units.

This would also have been obtained by division of 25 by 5.
Iwtermine the sign -~ negative for antioyolonio shear =- and
enter the value of -5 at &.

(o) 8um the two values and obtain =7.4 uuits, for praotioal
purposes --7 whole units, for tho value of the relative
vortioity at A.

Example 2 at point B

(a) Following the above routine, the radius of curveture is 720 km
(oyolonio), the veloeity 90 Xmots, and kV = +8 units.

(b) Assuming the speed at the jet axis to be 110 knots, the shear
(o§§19nio) is 35 to 40 kro:s through B, Using 40 knots,

= 7.4 units.
(6) The relative vortioity »t B is 15 units.

It is important to note that in the region of antioyolonic ourvature north of
the jet stream, the curvature terms are negative and the shear terms positive,
In the region of oyolonio curature south of the jet center, the ourvature
terms are positive and the shear terms negative. In those aress the terms
give opposing oontridbutions.

Near the level of maximum wind, values of oyolonic relative vortioity at
times may exoceed 30 units (3f at latitude 40°), Values of antioyslonio voi-
tioity, however, should only rarely excseed 1f., Greater values would mean nega-
tive absolute rotation in spece. 7The lower right hand diagram of figure 2 oan
be used for a quick cheok on the ratio of relative vorticity to Coriolis
parameter at different latitudes.

Verifioation of equation (8) on cbserved maps: Since the method of
prec!pitation foreoast here proposed is based on & phycjoal appromoh ~- use
of vorticity and oontiruily equations — it should beoome apparent quiockly
whether the simplifications made are serious. Sixzteen aotual oases have deen
ocomputed for verifioation purposes, fow in Ootober, four in November and
eight in December 1951, Considering that the evaluation cowvored the whole
United States, thie statistioal sample whioh oomprises 34 precipitstion areas
is quite large.

We proceeded as follows. At first, wo shaded on the observed 300-mb
oharts (all 0400Z) the areas shere procipitation sho.ld be ocourring. We
ther. superimposed with different shading tho areas where precipitation (not
including traces) did oocour in the six hours ending at Q630Z.1 We regarded

14s taken from the oharte preapared at the Chiocago Foresast Center of
the United Statee Weather Bureau.

N
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this six-hourly preoipitation period whioh straddles the time at whioh soundings
are taken as a fairer means of verification than an instantanscus picture.
Where the areas of predicoted end observed precipitation ocoimside, we have
verification. Figure 4 reproduces all oomputen sharts for the reader's own
Judgmente. In our opinion, they are sufficiept.y zucoessful tc warrant recom-
monding the method. Several comments follcu:

(1) 1In some cases, verification is good in parts, tut extensive precipi-
tation also ocourred that wus not mredicted. This precipitation (marked dotted
in figure 4) consisted of showers in polar continertal air surging scuthward to
the rear of a cyolone. while the frou‘al prcoipitation was oonfined to the region
of verifioation. We had previously suspeoted - and it was herewith proven -
that our method may not be able to piok up such shower aotivity whioh is largely
the result of thermodynamico instability in the lowest levels. The precipitating
olouds may nowhere exteund beyond the 850-mb level and the oompensation for
organised upward motion near the ground, if any, takes place well bslow ICD mb.
Looali effects, suoh as shcwers on the lee side of lakes, 211 in the same
olessifioations On the other hand, the effeot of large—soale topographio
features, such as the Rooky Mountains as a whole, should be refleoted at 300 mb.

(2) Our treatment has assumed that préoipitation reaches the ground in
all areas where the vertical motion is upward at the surface of non-divergence.
Thia oennot be entirely true. The air entering a tone of upward =otion from
the rear will require scme time to rcaoh the oondensation level. If the moistwre
oontent is very low or tiie number of muolei in the air insuffioient or too large,
precipitation may not reach the ground. Again, ahead of general rain or snow
sresz, virga and preoipitation aloft may be cbaerved over oonsiderable dis-
tances. All th.s suggests that the oomputed precipitation areas sheuld be too
large, and to sowme oxtent this turned out to be true. Future work should take
this into aooounte At this time, it is perhaps most important to emphasite
that the omission of all moisturs parameters apparently has proved to introduce
only minor errors, contrary to fears voioed at thc start of the study.

(3) Asoording to the initial disoussion. the precipitatioa on our oharts
should have ocourred primarily in arees of pressure fall. Wo eheoked this
point with the use of 12--hnur pressure oharge charts. No one will be surprieed
to hoar that tho verifioation was very good.

(4) We add the following oouncerning eome of the maps of figure 4.

Ootober 21 Montana and southwest Canada. No vortioity analysis
due to laok of data.

October 22 Data in Pacifio Northwest suffioient for analysis in
this oase aad verification obtainsd.

November 18 Poorest map by far. A large area of very light snow
lies under a 300-mdb trough extending southwestaard
from the Great lakes. Vorticity gradients are very
woeaek. This case requires further study.

November 25 e So:Canadian border in northwest: Soaree data e&nd
analysis doubtful.
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November 27 large preoipitation area in northeast indioated to limit
of forecast area.

wsnenber § Oregon and Waehingtons Failure probably due to inability
to locate jet ocenter off Weat Coesv.

Deoember 7 Vortioity gradient wewak over Roskies. Precipitation
soattered with olear skles repvorted by neighboring
stations.

Deocember 14 Very few observations near Montana-Canadian border.
Vortioity amalysis unoertain.

Prinoipal Gsneral - November 16
Failurea East of Salt lLake -~ November 25
How York - December 6

Prognostio Preoipitation Patterns: Prognostio 24~hour precipitation
oharts wers prepared for 14 days during NHovember and Decerder 1961,
based on upper wind prognoses prepared by Dr. I'. Defant, C. O. Jenista
and R. Renard. Figure 5 shows all prognostio charts made, The verifi-
oation secursad was remarkably good, especially if it is oonsidered that
all the work was in the experimental stage, imowluding the wind forecast.
The reader will note that the verifiocation progressively improwved .rom
beginning to end of the trial period. 8ome oomments follow.

November 28 Southeasts latitude of jet oenter predioted too far
northe.
Central U, 8.~Canadian borders “Over-forecast"; laok
of experienne on first prognosis. .

November 29 Northeast: On fringe of forecast area. Prodbadly should
not have been entered.

Novesber 30 "High index" map with weak systems.
Indiana and Ohios Trough passed with mmoh oloudineas
but no measured rain. Vortioity field weak.
Colorado: Considerable oloudiness, weak vortioity

riﬂldo

Deoember 1 High index trougi with muoh oloudiness weat of Great
lakes.

Deocember 4 Northwest Pacifie and California cutside foreoast area.

General poor verifioation due t~ failure of wind prognosis.
December 8 Southeasts PRrror in wind forecast.
December 7 Limit of prognosis at 106°W,
December 8 Vortioity gradients weak in north near 100°W,

December 11 New Mexico: Disorepancy due to rapid irward displece-
dent of jet center from Paoifio Ocean.

(S



-1C-

Southeasts Failure due to rapid advamce of jet from
Msxico, outzide data.

December 12 Nerthwests No dsta for reliable prognosis. Southern
Celiforniss Predicted sorrectly by alternate forecsster
who broughi jet canter in st cosst from Facifie.

Dscsmber 14 No progncsis made for northwest -- lack of date.
Arigcnas Vorticity gradient weak. Apparently some
verification.

West~central U, S; Computed precipitation furnished
important slue for rapid development of major snown®orm,
predisted to form later with other considerations.

Deoemter 15 Large precipitation ares west of Great Lakes pointed
out ag unlikely at time of forecast. Diffioulty in
locatizng jet seater ocming ir firom Canada due to
sptrse data.

BEsctern U.S.: 8plit precipitution srsa did not verify,
hut formaticn of secondary storm in southeast was
suggsated, and this ocourred.

December 18 Ne fcreoast mede for northweste.

Conolusiors The results of this study, covering the verification of 16
observed and 14 proghcatic charts, are suffioiently impreasive in our opinion
to warrant cortinusd work with this method. We hope that it will stimmlats
sttempts to go from gualitative to quantitative precipitation forecasts ai
ferenast centerse. We also wish to point out that the method is not —estrictad

to 24-hour prognoses, tut will apply to any time interval for whioh upper wind
prediotions are mads.

Ir order for the forecests to verify, good progncstio 3500-mb oherts must
be avallatia. Although the frequency cf wind observations st this level has
incrsasad sonsiderabliy in recent years, there is still a dearth of winds oz
mary dayse If our resultz are acoepted, it follows that high-level observa-
tions are of far greater importamse for predictions for the general publies
than believed to date. For this reason we would like to recommend that the
retwork of rawins over the Urited States should bs inoreazed to at least the
denzsity of the radiosonds network; that the agercies responsible for observa-~
tions make every effort possiblie to obtain all 30C-mb or 30,000-foot winds
at all timss; and that the winds and radiosonde date for the high levelz be
transmitted at the earliest possible moment, therswith eliminating the
stigma of "secsnd transmiesion.® Finally, the reports of high-altitude air-

sraft, now completely inaccessible, szhould bha plaoed at the disposal of the
forecasters.
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Figure 1. Overlay to determine —~dius of stream-

line curvature in tens km. AW intervals on
right margin of overlay give distance corres-
ponding to 2.5° latitude for different lati-
tudes, All numbers are appliocable to base
map in use at University ol Chicago. A
corresponding overlay can be drawn up for
any map soale ard projection,
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Figure 2. Nomogram for computation

cf relative vorticity.
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Figure 3.
oarried out in text,

Map for ssmple computation of relative vorticity
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Mgure 4

Areas where relative vortioity decreased downstream at 300 mb
on sixteeu o:served maps Ootober to December, 1951, 0400%
(shading oriented NE-SW); and observed six hourly precipitation
onding at 0630 for the same days (shading oriented NW-SE for
lrontal preoipitation, dotted for low level showers during

polar outbreaks and lake precipitation). Verifiocation is
obtained where shadings overlap.
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